SUMMARY Substantial controversy surrounds our understanding of the effect of p53 status on radiation sensitivity. To assess directly the role of p53 expression on radiation sensitivity, we chose a conditional expression system using a temperature-sensitive murine p53 that permitted each cell line to act as its own control. We found that the conditional expression of wild type p53 induced cell death (both apoptotic and nonapoptotic), changes in cell cycle distribution (arrest in G 1 and G 2 , which resulted in a marked depletion of S-phase cells and an increase in the fraction of cells in G 2 ), and an increase in the radiation resistance of G 1 cells. These counterbalancing effects resulted in no significant effect on overall radiosensitivity. These findings demonstrate that wild type p53 function can produce a variety of effects that can modulate radiation sensitivity and may explain why p53 status alone has not been a strong predictor of radiosensitivity.
INTRODUCTION
The effect of p53 status on radiation sensitivity is controversial. For instance, in a transplantable fibrosarcoma model using tumors that differed only with respect to functional p53 status, p53 minus tumors were more radioresistant than their wild type (wt) p53 counterparts [1] . Conversely, others have reported finding no correlation between p53 status and radiosensitivity [2] [3] [4] . There are a number of possible reasons for these conflicting results. Probably the most important is that the expression of wt p53, in its multiple roles as transcription factor and participant in the recognition of DNA damage, can produce several effects that could influence radiation sensitivity during a fractionated course of radiation, namely, 1) cytotoxicity, 2) cell cycle redistribution, and 3) arrest at the G 1 /S boundary. Another reason for controversy is that some investigators have compared cells with wt p53 to those with mutant p53 [5] [6] [7] , whereas others have made comparisons to E6 deleted or p53 null cells [8, 9] . An additional reason for disparate results is methodological. Previous studies have used different cells lines or the individual clones selected from a mixed population, both of which can evidence wide variability in radiation sensitivity [10] . Thus, it has been difficult to determine whether an observed difference in radiation sensitivity is due to alteration in p53 status or to random variation resulting from other clonal differences.
We wished to design a study of the potential role of p53 in radiation sensitivity that addressed these potential confounding factors. We chose a conditional expression system using a temperature sensitive murine p53, which permitted each cell line to act as its own control, thus removing the issue of clonal variability within a given experiment. We found that elevation of functional p53 caused cell death, cell cycle redistribution (G 1 and G 2 arrest, resulting in S-phase depletion), a de-crease in sensitivity of the G 1 fraction, but no overall change in radiation sensitivity. These changes suggest that, although p53 status has profound effects on the cell, a knowledge of p53 status alone will not permit the prediction of radiation sensitivity.
MATERIALS AND METHODS

Cell Lines
We used HT29 human colon cancer cells, which contain mutant p53 (His 273). Cells were transfected with a temperature-sensitive mutant p53 gene (p53 val-135 ) [11, 12] and are described elsewhere [13] . In brief, cells were transduced by electroporation (in the laboratory of Michael Clarke, University of Michigan) using a transfection mixture of 10 7 cells in phosphate-buffered saline (PBS) with 4 g of linearized plasmid DNA, and cells were then selected by G418 (Life Technologies, Grand Island, NY). At the permissive temperature of 32°C, the p53 protein assumes a conformation that permits translocation to the nucleus and wild type function. At 38°C, p53 is concentrated in the cytoplasm and is therefore nonfunctional [11] . Two resulting cell lines were chosen, called ts29-A and ts29-G, both of which overexpress p53 [13] . A control cell line, HT29neo, was also constructed by infection with an amphitropic retrovirus made by inserting the neomycin resistance gene into pLNSX. The presence of the murine p53 gene product in transduced ts29 cells was confirmed by Northern and Western analysis (not shown). The cell lines ts29-A, ts29-G, and HT29neo were cultured under standard conditions by using RPMI medium supplemented with 10% calf serum and 800 g/ml of G418. Cells were released from the flasks with PBS with 0.03% trypsin and 0.27 mM EDTA.
Clonogenic Assay
Cell survival was assessed by using a standard clonogenic survival assay, as previously described [14] . Radiation survival data were corrected for plating efficiency by using unirradiated plates grown under the same conditions as the irradiated cells. Cell survival curves were fitted by using a linear quadratic equation, and the mean inactivation dose, which represents the area under the cell survival curve, was calculated according to the method of Fertil and colleagues [15] . Cells were returned to the nonpermissive temperature immediately following replating at clonal density, regardless of whether they were incubated at the permissive temperature before or after irradiation.
Irradiation Technique
Cells were irradiated using 60 Co at 1-2 Gy/min. Dosimetry was carried out by using an ionization chamber connected to an electrometer system that was directly traceable to a NIST standard.
Flow Cytometry
Cells were trypsinized, washed in PBS, fixed by drop-wise addition of 2.5 volumes of cold 70% ethanol, and stored at 4°C until the day of analysis. They were then washed with PBS, suspended in propidium iodide, and analyzed on an EPICS C flow cytometer (Coulter Electronics, Hialeah, FL). Human leukocytes were used as an internal standard. Cell cycle phase distribution was estimated with CytoLogic software, based on a multiple broadened rectangular S-phase model. For twoparameter flow cytometry, cells were processed for the immunoassay with the first antibody (mouse antibromodeoxyuridine; anti-BrdUrd; PharMingen, San Diego, CA) followed by FITC-goat-antimouse IgG (Sigma, St. Louis, MO) [16] .
Assessment of Apoptosis
Cells were trypsinized and washed once with PBS. They were then fixed by incubation in 4% paraformaldehyde at a concentration of 10 6 cells/ml for 30 min at room temperature and then washed again with PBS. The fixed cells were resuspended in PBS at a concentration of 10 4 cells/ml. Thirty-five milliliters of the cell suspension were mixed with 5 ml of 100 mg/ml acridine orange solution and 10 ml Vectashield (Vector Laboratories, Burlingame, CA). The mixture was examined by using a Leitz Laborlux S microscope equipped with a 1-Lambda Pleomopak incident light fluorescence illuminator (450-490 nm excitation wavelength with 520 nm barrier filter). Cells were scored as apoptotic if they exhibited both chromatin condensation and nuclear shrinkage.
Statistical Analysis
Unless otherwise indicated, all data are presented as the mean ± standard error of at least three experiments. Student's t test was used to compare two means. Multiple means were compared by using the F test. Statistical significance was defined at the level of P < 0.05 (two-tailed). For all of the figures, the results of a single representative experiment are shown. Clonogenicity was measured in triplicate within each experiment. Unless shown, error bars are contained within the size of the symbol.
RESULTS
We had hypothesized that expression of wt p53 function might induce apoptosis. We first examined whether the cells that detached from the dish were apoptotic [17] . For these experiments, we shifted ts29-G cells to 32°C for 48 hr and examined them at varying times (0, 2, 4, 8, 24, and 72 hr) after returning them to 38°C. At the end of the 48-hr exposure (time 0), the fraction of cells that was nonadherent was 1%. Cells remaining adherent to the dish did not show nuclear changes. In contrast, we found that the great majority (>90%) of the floating cells showed evidence of fragmented nuclei. We found that 10-15% of the cells were not adherent 72 hr after the completion of a 48-hr shift to the permissive temperature. However, we also found that a 48-hr shift to the permissive temperature reduced the clonogenic survival of ts29-G and ts29-A cells to 0.32 ± 0.07 and 0.58 ± 0.05, respectively. Therefore, even if we assume that all nonadherent cells died by apoptosis, the apoptotic fraction was less than the loss of clonogenicity produced under the same conditions. Neither apoptosis nor a decrease in clonogenic survival (1.20 ± 0.15) were observed in HT29neo cells after exposure to the permissive temperature for 48 hr.
Because we had hypothesized that changes in cell cycle distribution could occur from wt p53 expression, we examined the cell cycle distribution of both our control and study cell populations. Cells from the ts29-A, ts29-G, and HT29neo cell lines that were grown at the nonpermissive temperature showed a flow cytogram pattern similar to the one we have reported previously for parental HT29 cells [18] . At the permissive temperature of 32°C, ts29-A and ts29-G cells evidenced a significant depletion of cells in S-phase and a significant increase in the fraction of cells in G 2 /M-phase. In contrast, HT29neo cells grown at the permissive temperature showed no significant change in the fraction of cells in G 2 /M (Table 1, Fig. 1 ).
To assess definitively the effect of wt p53 function on cell cycle progression, we cultured cells at the permissive temperature for 48 hr and labeled S-phase ts29-G cells and HT29neo cells by using BrdUrd (30 M for 15 min; Fig. 2 ). HT29neo Differs from 38°(P < 0.05).
cells treated at 32°C showed a standard twoparameter flow pattern for untreated cells. However, at 32°C, ts29-G cells showed no BrdUrd incorporation. This confirms the results of the oneparameter flow experiments, demonstrating that wt p53 function produces G 1 and G 2 arrest leading to S-phase depletion. We then wished to determine how the expression of wt p53 function would affect radiation sensitivity. For these experiments, ts29-A, ts29-G, and HT29neo cells were incubated for 24 or 48 hr under permissive and nonpermissive conditions after or prior to irradiation. However, none of these three cell lines exhibited a difference in radiation sensitivity as a function of permissive vs. nonpermissive temperature (Fig. 3, Table 2 ). We found this result surprising for the ts29-A and ts29-G cells, which had been shifted to the permissive temperature prior to irradiation. Because S-phase, in general, is radioresistant [19, 20] , we had anticipated that a depletion in this phase of the cell cycle would produce radiosensitivity. It seemed likely, therefore, that either the G 1 arrested population or the G 2 /M arrested population (or both) had become more radioresistant. To test this hypothesis, we grew ts29-G cells at 32°C or 38°C for 48 hr, flow sorted the G 1 cells and the G 2 /M cells, and assessed the different populations for radiosensitivity. We found that G 1 cells grown at 32°C were significantly more radioresistant than those grown at 38°C (Fig. 4) . The MID dose in the temperature-shifted cells increased from 2.1 ± 0.1 Gy to 2.9 ± 0.1 Gy. A similar trend was observed with the G 2 /M cells, in that the MID dose increased from a 2.2 ± 0.1 Gy to 2.5 ± 0.1 Gy in temperature-shifted cells, although this difference did not reach statistical significance.
We then hypothesized that the G 1 population of p53-expressing cells grown at the permissive temperature were radioresistant because they had a prolonged arrest in G 1 even after being returned to the nonpermissive temperature. We found that both ts29-G and ts29-A cells remained in G 1 for 6 hr after being returned to the nonpermissive temperature; progression was detectable at 12 hr after the shift to 38°C (Fig. 5) . This shows that transient expression of wt p53 function produces transient G 1 arrest in these cells.
DISCUSSION
We have shown that the conditional expression of wt p53 function using a murine temperaturesensitive mutant does not affect overall radiation sensitivity of HT29 human colon cancer cells. This is true regardless of whether cells are placed at the permissive temperature immediately after radiation or for 24-48 hr prior to irradiation. However, the expression of wt p53 function in these cells does produce profound effects, including apoptosis, decreased clonogenicity, G 1 and G 2 /M arrest (with a resulting S-phase depletion), and radiation resistance of the G 1 fraction. These findings suggest that it is unlikely that p53 status alone will affect radiation sensitivity in the same fashion for all cells. Rather, the overall radiation sensitivity of a cell type will be determined by a complex interrelationship among p53-dependent (and p53-independent) effects, which will probably be cell type-and tissue type-dependent.
Our finding that conditional expression of p53 produces apoptosis is consistent with that of a number of investigators [21, 22] . Hartwell and Kastan have hypothesized that there is a biologically significant level of spontaneous DNA damage that requires checkpoint control in order for cells to maintain a high fidelity of chromosome transmission [23] . It is consistent with this model that HT29 cells, which have a highly abnormal karyotype [18] , would undergo apoptosis as a result of wt p53 expression. However, apoptosis accounts for only a fraction of the of the loss of clonogenicity, so its importance in this system remains unclear.
We are unaware of other investigations evaluating the radiosensitivity of G 1 cells arrested due to elevations of p53 levels. However, it is well known that cells arrested in G 1 /G 0 from liquid holding or from contact inhibition (plateau phase) evidence decreased radiation sensitivity due to potentially lethal damage repair (PLDR). Perhaps our findings may be viewed as another form of PLDR in which cells are permitted to repair DNA damage before progressing into S-phase. The influence of p53 function on the radiation sensitivity of cells in G 1 has been assessed by using U-87 glioblastoma cells (which demonstrate wt p53 function) and a transfected derivative in which p53 had been inactivated [24] . In this study, p53 mutant cells synchronized in G 1 were more resistant than the wild type parental G 1 cells. Although this appears at first to contrast with our results, the mechanism of increased sensitivity of the wild type parental appeared to be related to an irreversible G 1 arrest. In our study, cells were returned to the nonpermissive temperature after irradiation and left G 1 12-24 hr later (see Fig. 5 ). Thus, it seems possible, based on both studies, that transient p53 expression and G 1 arrest may confer protection (present study), whereas permanent p53 expression and G 1 arrest may represent an important form of loss of clonogenicity [24] . There are a number of limitations to this study. Our conditional expression required placing cells at a lower temperature, which could affect other cellular functions. However, our control HT29neo cells showed minimal changes in radiation sensitivity and cell cycle distribution at 32°C compared with 38°C, so it is unlikely that temperature alone had a major impact on our results. In addition, the parental HT29 cells used in this study express mutant p53, so that, at the permissive temperature, we are observing the combination of a murine wt and a human mutant p53. However, at the permissive temperature, these cells demonstrate p21 activation [13] (Naida et al., submitted), G 1 cell cycle arrest, and G 2 /M arrest, which strongly suggest that the murine p53 is functional despite the presence of the endogenous mutant p53 [25] [26] [27] [28] . Finally, although we have focused on a number of p53-mediated effects in attempting to understand radiosensitivity changes, it is possible that there are additional factors we have not considered. For instance, the bcl-2 [29, 30] or bcl-x L [13] levels could change in response to changes in p53 function produced by the permissive temperature, which could then affect cell death. However, this point serves to emphasize the complexity of the relationship between p53 status and radiation sensitivity. 
